INTRODUCTION
In 1880, the Victorian naturalist Sir John Lubbock became aware that ants can track their nestmates to rewarding food sources. Lubbock believed that ants were following scent trails, and even went as far as to suggest something approaching a form of chemical language (Lubbock 1882) . While he was not so generous about bees-"[Honey] bees do not bring their friends to share any treasure they have discovered" (Lubbock 1882, p. 278 )-others were less dismissive. The German pastor Ernst Spitzner wrote of honey bees: "Full of joy, they twirl in circles about those in the hive … in a few minutes, after these had made it known to the others, they came in great numbers to the place!" (Spitzner 1788; cited in Lindauer 1985, p. 192) .
How surprising it is that modern science, with its scorn for anthropomorphism and overinterpretation, has borne out the enthusiastic conjecture that tiny-brained organisms should perform such extraordinary feats of communication! Several decades of rigorous research have uncovered a broad spectrum of social information use in the insects, from subtle cues provided inadvertently by other animals to astoundingly intricate, highly evolved multimodal signals (von Frisch 1967; Hölldobler and Wilson 1990; Dyer 2002; Franks et al. 2002; Nieh et al. 2004; Leadbeater and Chittka 2007a) . Despite their small brains, insects show remarkably complex learning abilities (Giurfa 2003; Menzel et al. 2006) , and social information often leads to the relatively long-term changes in behavior that constitute social learning. These discoveries have not only enhanced our understanding of insect behavior, but also constituted some of the most influential advances in the In this review, our major focus is the contribution that insect studies can make toward understanding the particular circumstances where social information increases biological competitiveness. Like any trait, whether social information use is favored by natural selection will depend upon its costs and benefits relative to the available alternatives, and theory predicts that the balance may often swing in favor of individual exploration (Giraldeau et al. 2002) . The question of when and why social information use and social learning may be adaptive has attracted much interest over recent years (Boyd and Richerson 1988; Giraldeau and Beauchamp 1999; Giraldeau et al. 2002; Laland 2004; Kendal et al. 2005) , but much of this has failed to touch upon the insect world, which in turn has not made full use of literature arising in other fields. Here, we look at old and new examples of insect social information use with the question "When is social information useful?" in mind.
USING SOCIAL INFORMATION AS A SHORTCUT TO FOOD

FINDING FORAGING BONANZAS
Using social information to locate food potentially offers an economical alternative to the arduous process of individual exploration. Even the simple presence of a foraging conspecific may provide an exploitable, up-to-date cue about a foraging bonanza. However, using social information is not an assured shortcut to success. If food is easy to find, the value of social information will be limited-particularly if gathering it incurs a time cost in itself. For example, although it might intuitively seem that a honey bee should benefit by learning from others about where they have found food, in practice the time cost of waiting for dance information might often outweigh the benefits (Dechaume-Moncharmont et al. 2005; Dornhaus et al. 2006) , especially if all foragers choose to wait for social information rather than individually discovering new food patches (Giraldeau and Beauchamp 1999; Dechaume-Moncharmont et al. 2005) .
Two recent studies provide an illustration of how food availability and distribution may shape social information systems. Honey bees (Apis mellifera), famously, communicate the location of food sources to recruits in the darkness of the hive via figure-eight dances on the vertical honeycomb. The angle between the central path of the dance and the top of the comb depicts the direction that a recruit must follow, relative to the sun's azimuth (von Frisch 1967) . If a hive is placed on its side, bees are forced to dance on a horizontal surface, and thus have no directional reference point, unless an artificial light source is present-in which case, both dancers and recruits realign their reference point to the light (Figure 7 .1). Comparisons of the performance of hives with oriented and disoriented dances reveal that direction communication leads to an improved foraging performance only under surprisingly limited circumstances. In one study, oriented dances led to more food being collected in the Californian winter, but not in the summer or autumn (Figure 7.2; Sherman and Visscher 2002) . In another study, improved performance was found only in the tropics, but not in temperate Northern European or Mediterranean climates (Dornhaus and Chittka 2004) .
Together, these findings suggest that the dance language may be a product of particular ecological circumstances. In the tropical environments where honey bees diversified, trees that produce abundant flowers over a short time window are a major source of forage. In the Californian winter, food patches are also clustered and ephemeral, and the benefits of recruitment are likely to be greater than in areas where herbs and shrubs constitute a major nectar source, as is typical of temperate summers (Heinrich 1979) . The suggestion that the value of dance information reflects food patch distribution invites more direct empirical exploration, but such findings provide an enticing glimpse at how ecology may shape communication, perhaps making some headway toward the intriguing question of why no equivalent referential communication system has been found among the other social Hymenoptera. In bumble bees, for example, returning foragers make irregular runs around the nest, but this serves to distribute a pheromone that elicits foraging behavior, rather than to communicate location Chittka 1999, 2001) . Stingless bees of some species also perform such irregular runs in the hive. Although the turning and spinning of the foragers in the course of their running vaguely reminds one of the honey bees' dance, it remains controversial whether this behavior, or vibrational signals produced during it, encode the location of a food source (see Chapter 11).
CHOOSING BETWEEN FLOWERS
Copying the foraging choices of others, or following their signals to find food, inevitably involves exploiting resources that have already been identified and are being harvested (Ruxton et al. 1995) .
If the value of social information about food location is limited in the context of searching for relatively large food patches, as is illustrated above, it follows that such information should rarely be useful at all when pollinating insects decide between individual inflorescences, which contain tiny volumes of nectar. If individual nectaries are rapidly drained by the foragers that find them, joining conspecifics will be a poor option unless the inflorescences in question contain an unusually large number of flowers. Nonetheless, an attraction to occupied inflorescences has been found in many pollinators, including bumble bees, stingless bees, honey bees, and wasps (Brian 1957; Wenner and Wells 1990; Slaa et al. 2003; Leadbeater and Chittka 2005; Kawaguchi et al. 2007 ). Why should an apparently maladaptive behavior be so common?
One explanation might be that individuals join each other as an aggressive response, or because they are simply attracted to conspecifics; indeed, bumble bees also tend to land beside conspecifics in a nonforaging context (Leadbeater and Chittka 2007b) . Interestingly, however, a number of studies have found that joining behavior often occurs only when foragers visit flower species that they are not familiar with (Slaa et al. 2003; Leadbeater and Chittka 2005; Kawaguchi et al. 2007 ). Thus, perhaps joining behavior has adaptive benefits for foraging efficiency, not because it leads to individual rewarding flowers, but because it encourages sampling of rewarding flower species that might otherwise be ignored. Indeed, bumble bees that are foraging on one flower species will switch to another, more rewarding alternative more quickly if other bees are foraging there than if alone, because they are attracted to the occupied flowers (Leadbeater and Chittka 2007b) . Surprisingly, there is also evidence that bumble bees can learn about rewarding flower species directly through observation of conspecific foragers. When bumble bees were permitted to watch conspecifics foraging on green flowers, and avoiding orange alternatives, observers later showed a significant preference for green when foraging alone (Worden and Papaj 2005) .
TANDEM RUNNING TO LARGE FOOD SOURCES
Like honey bees in the tropics, many ants forage on foodstuffs that cannot be effectively exploited by one individual, and thus foragers use a plethora of multimodal signals to recruit their nestmates to the patches that they find (Hölldobler and Wilson 1990; Jackson and Ratnieks 2006) . A behavior that features in both foraging and house hunting is tandem running, whereby a successful forager effectively leads a naïve follower to a target Hölldobler and Wilson 1990) . A tandem run begins when a successful forager or scout recruits potential followers in the nest via food-offering rituals, and once antennal contact is established, the pair proceeds with the follower's antennae placed on the leader's abdomen (Figure 7.3b) .
During a run, if the follower loses contact, the leader stops and adopts calling behavior until it is resumed-a feature that has led some authors to describe tandem leading as teaching (Franks and Richardson 2006) . Indeed, the leader's behavior probably meets all the criteria of the commonly accepted definition of teaching provided by Caro and Hauser (1992) , which states that the candidate behavior must occur only in the presence of a naïve observer, that the teacher must incur a cost (or at least no direct benefit to itself), and that the recipient must consequently acquire information more quickly than it otherwise would. Tandem leaders incur a cost because the target is reached more slowly (Franks and Richardson 2006) , and the follower's presence is a requirement for the pair to continue. It remains to be shown that the follower actually learns the route, rather than simply finding the food, but when tandem running occurs during house hunting, recruits repeatedly return to the target site as new tandem leaders , implying that spatial learning has indeed occurred.
Under such a definition, a number of honey bee behaviors (including trophallaxis between foragers, discussed further in Chapter 10) may also qualify as teaching; however, whether it is useful to use the term teaching in the context of simple, declarative information is a controversial issue (Leadbeater et al. 2006; Csibra 2007; Premack 2007; Richardson et al. 2007; Thornton et al. 2007) . Nonetheless, there can be little dispute that tandem running provides a fascinating example of how recruitment strategies are shaped by information requirements. Tandem pairs proceed, on average, four times more slowly than ants that return to food sources alone (Franks and Richardson 2006) . Presumably, this investment is worthwhile because, unless the food source can be carried back to the nest by the two ants, the follower needs to learn the route rather than simply arrive at the food source. The trade-off between speed and the need for learning becomes clear when tandem running is considered in a house-hunting context. When scouts find potential nest sites, they lead nestmates to their chosen location via tandem runs, and the follower will then return to the nest and lead runs itself. However, once a threshold number of recruits have been led to the site, ants usually cease to act as leaders and switch to simply carrying their remaining nestmates. Carrying is much faster than tandem running, but recruits are transported upside down (Figure 7.3a) , and thus (like passively displaced honey bees; Geiger et al. 1994 ) cannot learn the route and later become recruiters themselves .
DECIDING WHEN TO FOLLOW DANCES
If animals can be choosy about when they rely on social cues and when they ignore them, then social information use may prove adaptive under a wider range of circumstances than would otherwise be the case (Laland 2004) . Indeed, evidence from fish, mammals, and birds suggests that flexibility is (a) (b) FIGURE 7.3 Ant recruitment. Transport by carrying (a) is faster than tandem running (b), but tandem running offers the advantages that recruits learn the route to the target. (Drawings by Sara Blackburn, based on photographs in Franks et al. 2002.) a prominent feature of many social learning systems, and animals typically rely on social cues only when individual information is unreliable or not available (Laland 2004; Kendal et al. 2005) . In insects, such hypotheses have yet to be directly tested, but a number of observations imply that they, too, do not always use social information as a blanket strategy. For example, honey bee foragers are more likely to follow dances before leaving the nest on the first few trips of their foraging career than when experienced. Experienced foragers, on the other hand, apparently rely on memorized information about food source locations rather than using spatial information provided by waggle dancers within the nest, because the simple presence of a dancing bee motivates them to fly to previously visited food patches-irrespective of vector and food odor information (Grüter et al. 2008 ). However, they tend to follow dances under specific circumstances where information acquired through personal experience has proved unreliable or is out of date-if their previous trip has been unsuccessful, or if they have no up-to-date personal information due to overnight inactivity (Biesmeijer and Seeley 2005) .
Such flexibility can be achieved through simple associative learning. If animals modify their behavior according to the negative or positive feedback they receive, then social information use should become closely matched to environmental circumstances (Galef 1995) . For example, foraging bumble bees leave chemical "footprints," derived from hydrocarbons that are passively secreted from their cuticle to prevent desiccation, on the flowers that they visit. These marks typically repel both bumble bees and other pollinators from the flowers where they are found, thus leading to avoidance of recently depleted nectar sources Stout et al. 1998; Gawleta et al. 2005 ; see also Chapter 13). However, if the marks are associated with high rewards, rather than with empty flowers, foragers quickly develop the opposite preference, and begin to treat them as an attractive stimulus (Saleh and Chittka 2006) . The question of whether the use of scent marks as social information is entirely learned remains to be addressed, and it would be interesting to know whether naïve bees exhibit unlearned preferences or avoidance behavior toward scent-marked flowers. Nonetheless, it is clear that learning can lead to flexibility within insect social cue use, allowing for a close fit between social information use and environmental circumstances.
INSECT "TRADITIONS"
So far, we have highlighted the role of social learning as a means to rapidly track short-term changes in the environment. By nature, these behavioral changes are transient; indeed, it is precisely because environments change rapidly and unpredictably that this horizontal transmission of behavior may be adaptive (Laland et al. 1996) . However, such short-term responses are notably different in kind from the long-term, cross-generational social habits that we call traditions. Traditions are the product of social learning that is not limited to individuals who utilize the same resources at the same time, but is persistent in time, maintained from generation to generation.
Many social insect colonies persist at the same site for multiple generations before relocating. Honey bee colonies, for example, survive for an average of 5.6 years at the same site under successive queens, if they make it through the first winter (Seeley 1978) . Models that examine whether animals should learn behavior socially between (rather than within) generations predict that this type of occasionally changing environment should favor cross-generational social learning-in contrast to very stable environments, which should favor genetic inheritance of behavioral phenotypes, and highly unpredictable environments, where individual learning will be the most adaptive strategy Richerson 1985, 1988) .
Traditions are rarely discussed in an invertebrate context (although see Donaldson and Grether 2007) , but a series of experiments by Martin Lindauer and his student Wolfgang Kirchner provide grounds to suggest that social learning between insects of different age cohorts at least, if not different generations, may be a feature of social insect societies. In two similar studies, Lindauer (1985) and Kirchner (1987) investigated whether the temporal rhythms of a honey bee colony's foraging workforce, shaped by local environmental conditions, could be transmitted to the larval brood before emergence. They trained groups of foragers to visit highly rewarding feeders that were available for only an hour every day, either early in the morning, at midday, or in the evening. Groups of brood cells were then removed from each colony and raised in an incubator. When these bees were subsequently permitted to visit a continuously rewarding feeder, their activity patterns were similar to those of their trained predecessors, closely matching the availability of food in their mother colony. Kirchner (1987) suggests that increased levels of vibrational signaling on the dance floor above the young larvae during periods of heavy recruitment may have mediated this effect, but it seems equally possible the cue responsible may have been more frequent feeding of larvae by nurse bees during times of high food availability.
Whether this form of social learning remains stable over time remains open to question, but Lindauer's and Kirchner's studies pave the way for more detailed investigations of cross-cohort or cross-generational social learning in insects. A further interesting development in the question of invertebrate traditions in general is the suggestion that traditional behavior might arise without the need for learning at all. Donaldson and Grether (2007) argue that the cross-generational use of the same roosting sites by harvestmen, meditated by olfactory cues deposited at those locations, might also be considered traditional, especially given that the sites in question resembled a random sample of those available in terms of microclimate and ecology. The issue of whether this type of behavior, which does not require learning, constitutes a tradition remains open to debate, but the phenomenon described by Donaldson and Grether (2007) is certainly an interesting example of social information use that is unlikely to be limited to harvestmen, but may be widespread within the insects too.
SOCIAL TRANSMISSION OF FORAGING TECHNIQUES
Behavioral ecologists are interested in social information not only because it may guide decision making, but also because it can lead to the introduction of new, adaptive behaviors into an individual's repertoire. Such processes can have profound implications for a species' ecology, because socially acquired behaviors can spread through a group at an accelerating rate through positive feedback: the more "demonstrators" there are, the more naïve individuals acquire the behavior and become demonstrators themselves (Cavalli-Sforza and Feldman 1981; Pulliam 1983; Boyd and Richerson 1985) . Research into how social transmission affects the dynamics of behavior has been limited to vertebrates, and well-cited examples include the social learning of pine cone stripping by black rats in Israel (Terkel 1996) , and the spread of potato-washing behavior in Japanese macaques (Kawai 1965) . Recently, we found that social transmission processes may be important for the dynamics of insect behavioral phenotypes, too (Leadbeater and Chittka 2008) , as we discuss below.
NECTAR-ROBBING BUMBLE BEES
Nectar robbing occurs when pollinators create or reuse holes bitten through the base of a flower to extract nectar (Figure 7.4) , rather than entering the corolla and hence pollinating the flower in the "legitimate" manner (Wille 1963; Inouye 1980) . We noticed that broad bean plants, grown from seed in the open air, would remain intact for weeks until suddenly, every flower would be robbed over the space of only a few hours (Leadbeater and Chittka 2008) . Is the spread of robbing behavior facilitated by positive feedback? The question is interesting from an evolutionary perspective, because robbers exert selection on the mutualistic relationship between flowering plants and pollinators through their varied effects on plant fitness (Maloof and Inouye 2000; Irwin 2006 ).
In the laboratory, we allowed naïve bees to forage either on unrobbed flowers or on flowers where robbing holes had already been cut. When bees were subsequently allowed to forage alone, on unmanipulated plants, a similar number from both groups showed a tendency to bite the flowers. However, of these, bees that had never previously used the robbing holes bit in the wrong placesaround the petals and the legitimate entrance-and thus were not rewarded by finding the nectar source. In contrast, almost two-thirds of those bees that had acted as secondary robbers successfully created robbing holes, becoming primary robbers. Just as many apparently complex behavior patterns can be transmitted between individuals through relatively simple inadvertent social information (Danchin et al. 2004) , here, the analysis of the behavior of individual bumble bees reveals a straightforward mechanistic explanation. Bees that had experience of using the robbing holes tended to visit the base of the corolla when searching for nectar, and hence biting behavior was more likely to occur in the correct location. A common theme of insect social learning is that there is little temptation to explain social information use in terms of complex cognition; instead, behavioral change reflects simple and yet robust processes by which adaptive behavioral modifications can be achieved. We illustrate this point further in the next section.
SOCIAL INFORMATION ABOUT WHEN NOT TO FORAGE
An insect that can glean information about danger from others, and modify its foraging behavior accordingly, might bypass the risk of injury or potential death. Thus, social information use should be particularly apparent in the context of predation. In many cases, insects learn about danger through signals produced by their conspecifics; for example, aphid alarm pheromones induce nearby individuals to instantaneously drop from tree branches when their relatives are attacked (Montgomery and Nault 1977; Wohlers 1980) . In other cases, however, responses to predation risk are based on information as simple as the presence or absence of conspecifics. For example, harvester ant colonies do not forage every day, but each morning a behaviorally distinct group of workers called patrollers leaves the nest and explores the colony's foraging trails (Gordon 1991) . The foraging workforce does not emerge until the patrollers return safely to the nest, and the level of foraging activity that takes place depends upon the rate at which the patrollers come home (Greene and Gordon 2007 ). 
CLASSICAL CONDITIONING IN DAMSELFLY ANTIPREDATOR RESPONSE
Some of the best evidence that insects can actually learn about their environment through the fly antipredator response behavior of others comes from the context of predation, and sometimes the learning processes involved are surprisingly complex. In areas where damselflies (Enallagma boreale) co-occur with predatory pike (Esox lucius), their larvae respond to olfactory cues from pike stimuli with antipredator behavior involving a reduction in feeding activity and movement. In contrast, larvae from allopatric populations do not respond to pike cues, but can be induced to do so if such cues are presented in combination with olfactory cues from crushed conspecifics (Wisenden et al. 1997 ). Wisenden and colleagues found that when the same larvae were later presented with pike cues in the absence of conspecific stimuli, they again reduced their feeding activity and movement, implying that the predation response had become conditioned to the pike stimulus.
This remarkably rapid and apparently complex learning can be explained by simple classical conditioning, although it is sometimes referred to as "observational conditioning" (Cook and Mineka 1989; Heyes 1994) . Larvae from both populations showed antipredation responses to the conspecific cues alone; thus it seems likely that when the pike and conspecific cues were presented in combination, this response simply became conditioned to the new stimulus (Figure 7.5; Leadbeater and Chittka 2007a) . Similar phenomena might be found in any situation where an animal shows a learned or pre-programmed response to cues from conspecifics that are the subject of predation, although little experimental investigation of this phenomenon has taken place in insects. Furthermore, there is no reason to expect that such learning should occur in response to conspecific cues alone, given that species sharing the same habitat may be at risk from the same predators. Indeed, in the damselfly study, larvae showed the same response when pike stimuli were combined with cues from injured fathead minnows-a taxonomically remote species that is hunted by the same predator (Wisenden et al. 1997 ).
LONG-TERM RISK ASSESSMENT IN WOOD CRICKETS
A study on wood crickets of the species Neomobius sylvestris ) provides evidence that insects can also learn about levels of predation risk, rather than predator identity, through their conspecifics' behavior. Juvenile "demonstrator" crickets placed in containers with predatory spiders tended to hide under the available leaf litter, even when transferred to new cages devoid of any spider cues. When naïve new companions were introduced into these new cages, they were also significantly more likely to hide under the leaves than crickets introduced into identical control cages, where demonstrators had never experienced spiders (and accordingly were not hiding). This difference in behavior persisted for 24 h after the demonstrators had been removed, suggesting that the crickets had learned indirectly about local predation risk through the behavior of their conspecifics.
